Measures from diffusion magnetic resonance imaging reflect changes in the substantia nigra of Parkinson's disease. It is the case, however, that partial volume effects from free-water can bias diffusion measurements. The bi-tensor diffusion model was introduced to quantify the contribution of free-water and eliminates its bias on estimations of tissue microstructure. Here, we test the hypothesis that free-water is elevated in the substantia nigra for Parkinson's disease compared with controls. This hypothesis was tested between large cohorts of Parkinson's disease and control participants in a single-site study, and validated against a multi-site study using multiple scanners. The fractional volume of free-water was increased in the posterior region of the substantia nigra in Parkinson's disease compared with controls in both the single-site and multisite studies. We did not observe changes in either cohort for free-water corrected fractional anisotropy or free-water corrected mean diffusivity. Our findings provide new evidence that the free-water index reflects alteration of the substantia nigra in Parkinson's disease, and this was evidenced across both single-site and multi-site cohorts.
Introduction
In Parkinson's disease (PD), there is a selective loss of dopaminergic neurons in the substantia nigra (SN) (Braak et al., 2003b; Hodaie et al., 2007b) . Multiple mechanisms may contribute to SN neuronal loss such as mitochondrial dysfunction, protein aggregation, neurotoxins, oxidative stress, and/or alteration in innate immune activation states. Proinflammatory cytokines have been observed at higher levels in the cerebrospinal fluid of PD (Mogi et al., 1994a; Mogi et al., 1996; Mogi et al., 1994b) , and activated microglia have been observed in animal models of PD (Barcia et al., 2004) . In addition, increased oxidative damage and loss of antioxidants have been observed in the SN of individuals with PD, ultimately leading to decreased dopaminergic neuron production (Sutachan et al., 2012; Venkateshappa et al., 2012) . Developing imaging markers of the substantia nigra are needed to provide direct measurement of the degenerative process related to PD (Lehéricy et al., 2012) .
Using diffusion magnetic resonance imaging (MRI), several studies have reported that fractional anisotropy (FA) is reduced within the SN of PD compared with healthy controls (Lehéricy et al., 2012; Péran et al., 2010; Rolheiser et al., 2011a; Vaillancourt et al., 2009; Zhan et al., 2012) , and this may reflect the loss of dopaminergic neurons within the SN. FA has been limited as a measure of tissue microstructure, since atrophy-based partial volume with free-water can bias the diffusion index (Metzler-Baddeley et al., 2012) . If the fractional volume of free-water in a voxel increases then diffusion indices such as mean diffusivity can be elevated and the FA measure can be reduced (Alexander et al., 2001; Pfefferbaum and Sullivan, 2003) , and these are two of the findings reported in the literature for PD (Péran et al., 2010; Scherfler et al., 2013; Vaillancourt et al., 2009) . Recently, free-water diffusion MRI analysis using a bi-tensor model was developed to explicitly estimate the fractional volume of freely diffusing water molecules within the voxel (Metzler-Baddeley et al., 2012; Pasternak et al., 2009; Pierpaoli, 2004) , and this measure is expected to increase with atrophy-based neurodegeneration (Wang et al., 2011) . When the free-water component is eliminated, the remaining signal provides a corrected FA value (FA T ) and corrected MD value (MD T ) within the tissue of interest. Prior work in schizophrenia ), Alzheimer's disease (Berlot et al., 2014) , and brain injuries has shown that free-water is a key index of change for identifying microstructural changes within major white matter regions. Since SN degeneration occurs mostly in the posterior portion of the SN in PD (ie. ventrolateral tier) (Fearnley and Lees, 1991; Hodaie et al., 2007b; Kordower et al., 2013) , here we test the hypothesis that free-water is elevated in the posterior SN of PD. We pursued this hypothesis as the discovery of free-water could have implications for future targeted therapies that affect mechanisms contributing to neuronal cell loss of the SN in PD (Gyoneva et al., 2014) . In this study, we used the bi-tensor model in an automated pipeline to provide a novel evaluation of free-water changes within the SN of PD. The hypothesis for increased free-water in the SN of PD was evaluated using a single-site study, and subsequently validated against a multi-site study from the Parkinson's Progressive Marker Initiative (PPMI).
Methods

Subjects
Two populations were examined, one from a single site and one from multiple sites. In the single-site study, as part of the National Institutes of Health Parkinson's Disease Biomarker Program (PDBP), 48 subjects participated between 2013 (control, 20; PD, 28) . The PD patients were referred from the University of Florida (UF) Center for Movement Disorders and Neurorestoration, and controls were recruited from the local and surrounding communities in North Central Florida. PD patients were diagnosed by movement disorders specialists at the Center for Movement Disorders and Neurorestoration at UF based on the UK PD Society Brain Bank criteria (Hughes et al., 2001) . None of the control subjects reported a history of neurological or psychiatric disease. PD patients were tested after an overnight withdrawal from PD medications. All subjects gave written informed consent, as approved by the local Institutional Review Board.
MRI Acquisition
For the UF cohort, diffusion-weighted images were acquired on a 3T Philips Medical Systems MRI scanner (Achieva, Best, The Netherlands) using a 32-channel head coil at the McKnight Brain Institute. The whole-brain diffusion MRI acquisition sequence consisted of the following parameters: diffusion gradient directions = 64, repetition time = 7,748 ms, echo time = 86 ms, b-values: 0, 1000 s/mm 2 , field of view = 224 × 224 mm , in-plane resolution = 2 mm isotropic, number of contiguous slices = 60, slice thickness = 2 mm, and SENSE factor p = 2. Participants wore protective earplugs and headphones to minimize discomfort due to instrument noise. For the UF cohort, structural images were acquired consisting of a 3D T1-weighted sequence: repetition time = 8.2 ms, echo time = 3.7 ms, flip angle = 8o, field of view = 240 mm2, acquisition matrix = 240 × 240, voxel size = 1 mm isotropic with no gap between slices (n = 170).
Diffusion Imaging Analysis
Data pre-processing was performed with the FMRIB Software Library (FSL; Oxford, UK) and custom UNIX shell scripts. Each brain was corrected for distortions due to eddy currents and head motion using the FSL function eddy_correct with the reference volume set as the default 0 (http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_eddy.html). The gradient directions were then rotated in response to the eddy current corrections, and non-brain tissue was removed from the diffusion volumes using the FSL Brain extraction tool BET.
Free-water maps and free-water corrected diffusion tensor maps were calculated from the motion and eddy current corrected volumes using a custom written MATLAB R2013a (The Mathworks, Natick, MA) code (Pasternak et al., 2009; Pasternak et al., 2012) . This code implemented a minimization procedure that fits a bi-tensor model, which quantifies the fractional volume of free-water in each voxel (free-water maps). The bi-tensor model predicts the signal attenuation in the presence of free-water contamination. It is the sum of attenuations contributed by two compartments: one that models free water, C water , and a tissue compartment, C tissue , that models either gray matter or a single bundle of white matter (Alexander et al., 2001; Behrens et al., 2003): In Equation 1, the voxel-wise modeled attenuation vector, A bi-tensor , has an entry for each diffusion orientation (or applied gradient direction). The compartments are represented by the modeled attenuation vectors A tissue and A water . The scalar f is the fractional volume of the tissue compartment (0<f<1), and similarly (1-f) is the fractional volume of free-water. The tissue compartment follows DTI's formalism (Basser and Pierpaoli, 1996) , where the attenuation is parameterized by a diffusion tensor:
In Equation 2, b as the diffusion weightings, and qk is the k'th applied gradient orientation. The free water compartment is modeled by a degenerate case of the diffusion tensor model, where an isotropic diffusion tensor, i.e., a scalar, d, represents the bulk diffusivity. As such, all entries of the vector A water are equal:
In Equation 3, the value d is fixed to the apparent diffusion coefficient of free water (Pasternak et al., 2009 ). The bi-tensor model is the simplest model accounting for both diffusion anisotropy and partial volume, and is a special case of the multiple tensors model (See Appendix 1 and 2 from Pasternak et al., 2009) . Thus, it is assumed that there is no exchange of water molecules between the two compartments. Finding the parameters f and D that best fit Equation 1 is non-trivial and is described in detail in prior work (Pasternak et al., 2009 ).
Free-water-corrected fractional anisotropy (FA T ) and mean diffusivity (MD T ) maps were calculated from the free-water corrected tensor maps. To obtain standardized space representation of free-water, FA T , and MD T maps, the free-water maps were registered to a standardized T2-weighted image in MNI space (2 × 2 × 2 mm) by an affine transformation with 12 degrees of freedom and trilinear interpolation using FLIRT (http:// fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). The transformations were then applied to the FA T and MD T maps.
Region of Interest in the Substantia Nigra
Regions of interest (ROIs) were hand-drawn on the T2-weighted atlas in MNI space (Fonov et al., 2011) . Figure 1 shows a standardized free-water and FA T image at z = −12 from a PD subject. The left and right anterior and posterior SN ROIs were drawn on 3 axial slices (z = −10,−12,−14). Each ROI was comprised of one voxel on the superior (z = −10) and inferior (z = −14) axial slices. For z = −10, the coordinates were x = 8, y = 14 and x = −8, y = 14 for the left and right anterior SN ROIs and the coordinates for the left and right posterior SN ROI were x = 10, y = 20 and x = −10, y = 20, respectively. For z = −12, the coordinates for the left anterior SN ROI were x = 6 to 10, y = 12 to 16 and for the right anterior SN ROI x = 6 to −10, y = 12 to 16. The coordinates for the left posterior SN ROI at z = −12 were x = 8 to 12, y = 18 to 22 and for the right posterior SN ROI x = −8 to −12, y = 18 to 22. For z = −14, the coordinates were x = 8, y = 14 and x = −8, y = 14 for the left and right anterior SN ROIs and the coordinates for the left and right posterior SN ROIs were x = 10, y = 20 and x = −10, y = 20, respectively. The SN was identified based on prior work (Vaillancourt et al., 2012) .
Voxel-based morphometry
All structural T1-weighted MRI images from the UF cohort were co-registered to the white matter template supplied with SPM8. The resulting images were bias-corrected for field inhomogeneities and segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). Tissues of interest (i.e., GM and WM) were normalized to the DARTEL template using linear (12-parameter affine) and non-linear transformations (Shigemoto et al., 2013) . In order to correct for the local expansion or contraction inherent to the normalization process, GM and WM images were non-linearly modulated using the Jacobian of the warp field. This step was used to account for potential differences in head size. Before statistical analysis, the modulated normalized GM and WM images were smoothed with an isotropic Gaussian kernel of 8 mm FWHM. The GM and WM were compared between groups using an independent t-test corrected for multiple comparisons using the family-wise error rate. We also computed the total GM volume relative to total intracranial volume, total WM volume relative to total intracranial volume, and total cerebrospinal fluid (CSF) volume relative to total intracranial volume. These volume estimates were examined in relation to SN free-water levels.
Dopamine Active Transporter SPECT Processing
Since the SN relays dopamine to the putamen, we examined if the changes in the SN relate to dopamine transporter imaging values. DatScan single photon emission computed tomography (SPECT) imaging was acquired at PPMI imaging centers. SPECT raw projection data was imported to a HERMES (Hermes Medical Solutions, Stockholm, Sweden) system for iterative reconstructions. This was done for all imaging centers to ensure consistency of the reconstructed files. Iterative reconstruction was done without any filters applied. Attenuation correction ellipses were drawn on the images and a Change 0 attenuation correction was applied to images utilizing a site specific value that was derived from phantom data acquired during site initiation for the trial. Once attenuation correction was completed, a standard Gaussian 3D 6.0 mm filter was applied. These files were then normalized to standard MNI space so that all scans were in the same anatomical alignment. A SPECT template (non-PPMI healthy subjects) was normalized into the Montreal Neurological Institute (MNI) space using 12 degrees of freedom affine transform using the imaging software PMOD (PMOD Technologies, Zurich, Switzerland) and the SPECT image template available in the package. Subsequently, individual SPECT images were fit onto the template using 9 degrees of freedom (translation, rotation and scaling in three orthogonal directions) and the matching visually inspected (Radau et al., 2000) . Next, the transaxial slice with the highest striatal uptake was identified and the 8 hottest striatal slices around it were averaged to generate a single slice image. ROIs were then placed on the left and right putamen and the occipital cortex (reference tissue). Count densities for each region were extracted and used to calculated striatal binding ratios for each striatal region. SBR was calculated as [(target region/reference region)-1].
Statistical Analysis
The mean value of the bilateral ROIs for the anterior and posterior SN was calculated for each dependent measure (FA T, MD T, and free-water) and subject from the UF and PPMI cohorts. An independent-samples t-test between PD and control was conducted on each dependent measure for each cohort. Alpha was set at p < 0.05. All statistics were performed using IBM SPSS Statistics 22 (SPSS, Inc, Chicago, IL).
Spearman's correlations between free-water values and other demographic and clinical variables (age, MDS-UPDRS scores, and MoCA scores) were calculated for each cohort. The GM volume, WM volume, and CSF volume from T1 images were examined in relation to the posterior SN free-water measurements in the UF cohort using Pearson correlation coefficient. In addition, free-water values were correlated with SPECT striatal binding ratio (SBR) values in the PPMI cohort. To control for multiple correlation analyses, multiple comparison correction at a false discovery rate (FDR) of 0.05 will be performed using the Benjamini-Hochberg-Yekutieli method in MATLAB (http://www.mathworks.com/). Table 1 shows the demographic and clinical characteristics of the PD and control groups from both cohorts. In the UF cohort, the PD group had higher MDS-UPDRS (29.8 vs. 2.0, p < 0.001) and lower MoCA (26.0 vs. 27.4, p = 0.01) scores compared with the control group. There were no significant differences in age between the PD and control groups from UF (p = 0.55). For the PPMI cohort, the PD group had higher MDS-UPDRS (22.9 vs. 0.6, p < 0.001) and lower MoCA scores compared with the control group (27.6 vs. 28.4, p = 0.006). There was no significant difference in age between the PPMI groups (p = 0.226).
Results
In the UF cohort, PD had a significant increase in free-water values in the posterior SN compared with controls. Figure 2 shows that, in the UF cohort, the mean free-water value for the posterior SN was higher in PD (0.18 ± 0.04) compared with controls (0.14 ± 0.03) (p < 0.001). The difference in FA T between PD (0.49 ± 0.06) and control (0.52 ± 0.04) for the posterior SN was not statistically significant in the UF cohort (p = 0.68). Figure 2B shows the mean free-water values for the anterior SN was 0.22 ± 0.09 in PD, whereas it was 0.18 ± 0.07 in controls, and this difference approached significance (p = 0.09). The difference in FA T between PD and controls for the anterior SN was not statistically significant in the UF cohort (p = 0.42). The difference in MD T between PD and controls for the anterior SN (p = 0.43) and posterior SN (p = 0.52) was also not statistically significant in the UF cohort.
In the PPMI cohort, PD had a significant increase in free-water values in the posterior SN compared with controls. Specifically, Figure 3 shows the mean free-water value for the posterior SN was higher in PD (0.15 ± 0.05) than controls (0.13 ± 0.03) (p = 0.028). The difference in FA T between PD and controls for the posterior SN was not significant in the PPMI cohort. There was not a statistically significant difference between PD and controls in free-water (p = 0.92) or FA T (p = 0.29) for the anterior SN in the PPMI cohort. The difference in MD T between PD and controls was not statistically significant for the anterior SN (p = 0.95) or posterior SN (p = 0.87) in the PPMI cohort.
The correlation analysis was performed within each group and across all subjects from both groups included in the UF cohort. Table 2 shows the correlation Rho value, uncorrected pvalue, and FDR corrected p-value. It is evident that the MoCA scores were negatively correlated with SN free-water levels within the PD and across groups. Figure 4A shows the relation between MoCA and SN free-water levels was negative across groups. It was also the case that the MDS-UPDRS-III and SN free-water levels were significantly related across groups, whereas the relation was not significant within each group (Table 2 ). Figure 4B shows the relation indicating that higher MDS-UPDRS-III scores were related to increased SN free-water. Table 2 also indicates that the correlations for age and free-water were not significant. In the PPMI cohort, free-water was not significantly correlated with MoCA, MDS-UPDRS-III, and age when examining within groups and across groups. Both uncorrected and FDR corrected p-values were > 0.05.
In addition, within the PPMI cohort we observed a significant negative correlation between the contralateral posterior SN free-water values and contralateral putamen striatal binding ratio (SBR) across groups (Table 3) . Contralateral refers to the side of the basal ganglia opposite to the most affected body side. We also found that contralateral SN FA T was significantly correlated with the contralateral putamen SBR within the PD group (Table 3) . All other correlations for free-water and the putamen SBR were non-significant (Table 3 ).
The voxel-based morphometry analysis comparing GM and WM between PD and controls resulted in no significant between group differences. We also examined the GM, WM, and CSF measurements relative to the total intracranial volume. Correlation analysis including subjects from both groups was then examined between each volume measure and the posterior SN free-water value for the UF cohort. While the WM and CSF volumes were not significant (WM rho = 0.20; p = 0.17; FDR corrected p = 0.21; CSF rho = 0.26; p = 0.07; FDR corrected p = 0.21), the gray matter volume relative to intracranial volume was negatively correlated with posterior SN free-water values (rho = −0.46; p = 0.001; FDR corrected p < 0.05).
Discussion
The current investigation examined free-water values in the SN of PD patients and controls from a single-site and from a multi-site cohort. Free-water values were increased in the posterior region of the SN of PD participants compared with controls in both the single-site and multi-site studies. We did not observe changes in either cohort for free-water corrected FA T or free-water corrected MD T . In the PPMI PD cohort, we observed a significant correlation between the posterior SN free-water values and the putamen striatal binding ratio. In the UF cohort, we observed a significant correlation between the posterior SN freewater values and the MoCA scores. Our findings demonstrate that free-water mapping detected changes in the posterior SN in a large cohort of PD patients at a single-site and across multiple-sites, and that these changes in free-water related to dopamine transport and cognitive function.
Diffusion imaging can provide information about tissue microstructure that can be related to processes within the tissue. Several studies have reported changes in diffusion tensor indices in the SN of PD patients (Du et al., 2012; Vaillancourt et al., 2009 ). For example, Vaillancourt and colleagues (2009) found reduced FA values in the posterior SN of de novo PD patients using hand-drawn ROIs. Furthermore, Du et al. (2012) used a semi-automated protocol to define SN subregions and found that FA changes were evident at the time of disease diagnosis but that other imaging measures (e.g., transverse relaxation rate) were possibly more useful to capture disease progression. In the Du et al. study, the authors also found that the posterior portion of the SN was the region where PD patients had reduced FA values (these authors used the term caudal to describe the SN). In a study of moderate PD, progressive supranuclear palsy, multiple system atrophy, and essential tremor, it was found that the posterior SN was the region of interest most reliable for differentiating forms of parkinsonism from control subjects (Prodoehl et al., 2013a) . In a study using a voxel-based approach evidence was found that the medial-posterior portion of the SN had different FA values between PD and controls (Peran et al. 2010) . Thus, some studies in the literature have identified a similar region of the SN where degeneration occurs.
In the current study, the anterior SN was not different between groups for controls and PD in either the single-site and multi-site cohort. Both controls and PD groups in the UF cohort had elevated free-water in the anterior SN relative to the posterior SN (Figure 2) , and this could be due to excessive partial volume effects near the cerebrospinal fluid. The UF PD group had elevated free-water in the anterior SN compared with controls that did not reach significance. It is possible that the close proximity of the anterior SN to the cerebrospinal fluid increases the variability of the free-water values in this region.
At the point of clinical expression of PD, pathology studies estimated that approximately half of the dopaminergic cells in the SN pars compacta are lost (Braak et al., 2003a; Hodaie et al., 2007a) . In addition, the classic work of Fearnley and Lees (1991) has shown that PDrelated cell loss occurs mainly in the ventrolateral tier of the SN pars compacta, and other studies have found a consistent spatial pattern in the SN (Damier et al., 1999; Ma et al., 1996) . More recent work using sophisticated methods across a large range of disease duration also indicates that the ventrolateral tier of the SN is where dopaminergic cell loss is greatest in PD (Kordower et al., 2013) . The ventrolateral tier is consistent with the location of the posterior SN identified in the current analysis of the single-site and multi-site cohorts. The current study is the largest cohort published to date on PD using diffusion MRI methods.
There has been wide variability in the methodology used to analyze diffusion MRI data for PD and other movement disorders (Hess et al., 2013) . Some studies have used an ROI approach on individual subject data. In this approach, studies have focused on subregions of the SN (Du et al., 2012; Du et al., 2011; Prodoehl et al., 2013a; Vaillancourt et al., 2009) , whereas other studies have examined one ROI in the SN (Chan et al., 2007; Menke et al., 2009; Péran et al., 2010; Rolheiser et al., 2011b; Zhan et al., 2012) . There are also a series of studies that have transformed the diffusion MRI data to standardized space and used a voxel-based statistical approach (Péran et al., 2010; Zhan et al., 2012) . Across these studies using different methods, the posterior portion of the SN has not always been found as the location of significant difference between PD and controls. A recent meta-analysis on DTI indices that combined data across different field strengths and analysis methods for PD indicated that disease effect size was not promising for identifying changes in the SN for PD relative to a control group (Schwarz et al., 2013) . Our findings in the largest cohort to date challenge this conclusion, since the free-water metric identified changes in the same subregion of the SN in both a single-site and multi-site cohort of subjects. In addition to the analysis methods, the different findings in the literature may be related to the state of the disease of the patients, field strength of the scanner, number of diffusion directions, signalto-noise ratio of the images, and inter-rater reliability.
Another possible explanation for differences in the literature is that the reported FA values likely included free-water contamination within the voxel, which would decrease the FA values (Pasternak et al., 2009) . The current study is the first to have used the bi-tensor model for PD, and the use of the bi-tensor model helps probe the two compartments within the voxel. The use of the bi-tensor model can influence the data in two ways. First, the current study directly shows that it is the free-water within the voxel that is altered in PD within the SN, and this could be due to atrophy or cells loss related to neurodegeneration (MetzlerBaddeley et al., 2012) . It is also possible that increased free-water is related to neuroinflammation , but future work is needed to determine if this is the case. Second, as shown in Figure 1 the midbrain of the free-water map tends to be more uniform in gray and white matter, whereas the FA map has a very sharp gradient from white matter (e.g. cerebral peduncle) to gray matter (e.g. SN) in the midbrain. This issue is fundamental from a methodological standpoint because any mis-registration or misplacement of the ROI can cause substantial effects for the FA value and this can increase between subject variability. In contrast, since the free-water metric is more uniform across the midbrain any slight error made in registration or placement of the ROI will not affect the outcome of the free-water value to the same extent. This has the outcome of reducing the between subject variability of the free-water values. Thus, the current findings using the bitensor model help to reconcile some of the differences in the PD literature that used diffusion imaging in the SN. Here, we used an automated procedure in standardized space and found that free-water values were increased at the group level in the posterior SN of PD.
Pasternak and colleagues have demonstrated that free-water mapping can provide additional information about tissue microstructure and free-water (Pasternak et al., 2009; . In prior studies using free-water analysis of diffusion-weighted MRI data, it was shown that both free-water and FA T were altered in schizophrenia, but it was free-water accumulation that was the major factor across white matter tracts (Berlot et al., 2014; Pasternak et al., 2012) . It has been suggested that the free-water measure is mostly related to the extracellular space because the diffusion time of most diffusion MRI sequences (e.g. as in the current UF sequence Δ = 42.4 ms) dictates that free-water mostly likely comes from spaces larger than a few tens of microns. Since cells in the brain are typically smaller, freewater is likely related to the signal from large enough water pockets consistent with the extra-cellular space Wang et al., 2011) . Further it was suggested that changes in the extracellular space can be attributed to atrophy (Maier-Hein et al., 2014) , neuroinflammation or changes in cellular density .
We used VBM analysis of the T1-weighted images and did not find macrostructural changes in the whole brain and substantia nigra consistent with most other VBM studies in nondemented PD (Price et al., 2004; Prodoehl et al., 2013b; Tessitore et al., 2012) . This does not rule out the possibility that atrophy based neurodegeneration was occurring within the SN voxels because the free-water measurement could be more sensitive to neurodegeneration than VBM of the T1 image. Interestingly, the GM volume was negatively correlated with the posterior SN free-water value, suggesting that increased free-water in the SN was related to reduced GM volume in the whole brain. A similar finding was also recently reported in Alzheimer's disease (Maier-Hein et al., 2014) , strengthening the link between local microstructural changes measured with free-water and global volumetric changes, such as those measured using VBM.
The findings from the current study that observed increases in free-water of the SN extend other reports observing increased iron content in the SN of PD patients (Du et al., 2012; Péran et al., 2010) . It is suggested that iron is involved in myelination, neurotransmission, and plays a role in the reduction of dopaminergic activity. Iron may play a prominent causative role in the death of neurons by inducing oxidative stress and lipid peroxidation (Mounsey and Teismann, 2012) . Several reports have shown that markers of increased free radicals associated with cell membrane degradation of the SN are increased in PD (Farooqui and Farooqui, 2011; Uttara et al., 2009 ). As such, the increase in free-water in the SN in PD may be a consequence of mechanisms that contribute to increased oxidative stress. Further work is needed to understand the relation between various MRI measurements and freewater and to determine how free-water may reflect different aspects of PD-related changes in the SN.
In the current study, there was a negative correlation between the DAT-SPECT binding in the putamen and free-water values in the posterior SN of the PPMI cohort. In prior work using a different technique, a significant correlation between mean diffusivity and putaminal [ 18 F] DOPA uptake was found (Scherfler et al., 2013) . In this prior study, the authors examined the upper, middle, and lower parts of the substantia nigra on three separate slices, and they found effects when averaging across all three slices and when examining the middle and lower slices. The current study focused on a similar set of three slices, which were all below the subthalamic nucleus and consistent with ventral portion of the substantia nigra. We averaged across the three slices for assessing the anterior and posterior SN. Also, another difference between the study by Scherfler and colleagues is that they measured [ 18 F] DOPA uptake whereas the current study related free-water values in the SN with DAT-SPECT binding in the putamen. Thus, our findings provide new evidence that alteration in the SN relates to dopamine transporter imaging values in the putamen.
In conclusion, the present study showed that free-water is elevated in the posterior SN of PD patients compared with controls across a single-site and multi-site cohort. This is the first study to have used the bi-tensor model in the SN of PD and control subjects. Future studies examining both animal models and human brains are needed to better understand the relationship between free-water values and metrics of neurodegenerative processes. Nevertheless, our findings suggest that free-water may be a useful measure to monitor in future therapeutic trials focused on modifying the SN in PD. Correlation analysis between the MoCA and free-water (A) and MDS-UPDRS-III and freewater (B) for the UF Cohort. The data across groups is shown and each point is one subject. 
